A B S T R A C T Total plasma immunoreactive pancreatic glucagon (IRG) was measured in samples taken simultaneously from the proximal portal vein and superior vena cava of 26 healthy rats. The portalperipheral ratio of IRG was 2.80±0.25, the portalperipheral difference (A) 124±15 pg/ml, and percentage extraction 58±+3. Gel filtration of paired portal and peripheral vein samples showed that reduction in the 3,500-dalton IRG component (glucagon) in peripheral samples accounted for almost all the differences, there being minimal and inconsistent changes in the high molecular weight (>40,000) fraction. The portalperipheral ratio of the 3,500-dalton glucagon was 5.24±+1.10, the portal-peripheral difference 130+33 pg/ml, and the percentage extraction 81±5.
INTRODUCTION
The role of the kidney in the metabolism of glucagon in both man and animals (1) (2) (3) (4) (5) (6) ) is well established. Total plasma immunoreactive glucagon (IRG)l levels are elevated in chronic renal failure (7) and consist of increases in both the 3,500-and 9,000-dalton components (4) . Studies in rats have suggested that the 3,500-dalton fraction is handled by both glomerular filtration and uptake from the postglomerular peritubular blood, while the 9,000-dalton fraction is mainly metabolized by the latter process (1) . On the other hand, although plasma IRG levels are elevated in many patients with compensated cirrhosis, hepatic failure with portosystemic shunting (8) (9) (10) and in rats after 70% hepatectomy (11) , there is still controversy regarding the role of the liver in glucagon metabolism. Some investigators have reported (12) (13) (14) that the liver plays an unimportant role in the degradation of glucagon; others have suggested that the liver is a major site of glucagon metabolism (15) (16) (17) . In support of the latter conclusion, Blackard et al. (18) reported that portal-peripheral glucagon ratios in eight fasting nondiabetic subjects were 1.7+0.5, and Dencker et al. (19) found similar values in three normal sub- ' Abbreviations used in this paper: IRG, immunoreactive glucagon; Pe, peripheral; Po, portal.
The Jouirnal of Clinical Investigation Voluime 60 Atugust 1977*421-428jects after a meal. This study describes experiments in rats in which the hepatic handling of IRG and its various fractions was investigated. The results indicate that the liver is a major site of metabolism of the 3,500-molecular weight glucagon, but that this organ has little effect on the other IRG components.
METHODS
Animals. 26 Sprague-Dawley rats (250-300 g) were submitted to laparotomy under ether anesthesia, and blood was withdrawn simultaneously from the proximal portal vein and superior vena cava by two individuals and placed in chilled tubes containing 500 U/ml Trasylol (FBA Pharmaceuticals Inc., New York) and EDTA (1.2 mg/ml). The tubes were centrifuged at 4°C, and the plasma was stored at -20'C until assayed. The animals were divided into three groups: group 1 (n = 9) was allowed free access to food and water; group 2 (n = 8) was fasted overnight, but allowed access to water, and group 3 (n = 9) was infused for 15 min with intravenous arginine hydrochloride (500 mg/kg) after an overnight fast. Blood samples were taken 15 or 30 min after the arginine infusion was started. An additional nine rats underwent bilateral nephrectomy, and 24 h later, portal and peripheral samples were obtained and processed as described above.
After an overnight fast, a laparotomy was performed on a 25-kg dog, and the portal vein and inferior vena cava were cannulated. An intravenous infusion ofarginine hydrochloride (500 mg/kg) was administered over 30 min. Simultaneous samples were withdrawn from the proximal portal vein in the porta hepatis and the inferior vena cava above the entry of the hepatic vein during a 90-min period.
Assay procedure. IRG was measured by a double-antibody radioimmunoassay using 30K antiserum (kindly provided by Dr. R. Unger, Dallas, Tex.) as previously described (4) . The sensitivity of the assay is 3-4 pg/tube.
Gel filtration. Gel filtration was carried out on portal and peripheral plasma samples from seven control rats (three fed, one fasted, and three arginine stimulated) and all the nephrectomized animals, as well as on portal and peripheral samples taken from the dog at 15 and 40 min. Plasma (0.5-1.0 ml) was applied to 50 x 1-cm Bio-Gel P-30 columns (Bio-Rad Laboratories, Richmond, Calif.) and eluted under gravity at room temperature with a 0.2 M glycine buffer, pH 8.8, containing 0.25% human serum albumin, 1% lamb serum, and 500 U/ml Trasylol. 1.0-ml fractions were collected, and the total volume was assayed. Four peaks were identified (1, 4) according to their molecular size: >40,000 daltons (peak A), 9,000 daltons (peak B), 3,500 daltons (peak C), and approximately 2,000 daltons (peak D).
Statistical methods. Results are presented as mean±SEM. The statistical significance of differences between group means was assessed by Student's t test, P values of <0.05 being considered significant.
RESULTS
To facilitate comparison of the hepatic handling of the various IRG components, simultaneously drawn portal and peripheral vein levels are expressed as portal-peripheral ratios (Po:Pe), absolute portalperipheral differences (A pg/ml), and percentage extraction [(portal-peripheral) portal x 100].
Portal and peripheral plasma IRG. percentage extraction was also higher in the fasted compared to the fed group (71±4 vs. 51±3%, P < 0.001).
Portal and peripheral IRG components. The results of the gel filtration experiments using plasma from control (n = 6) and nephrectomized rats (n -8) are shown in Table II and Figs. 1 and 2. Portal and peripheral IRG levels were higher in nephrectomized animals than in controls (P < 0.001). Although there was marked extraction of C peak material in both groups ofrats as assessed by all three indices, there was minimal and inconsistent extraction of A, B, and D peak components. As the concentrations of the A and D peak components were low in most animals, the A value is the most meaningful. In many instances it was not possible to calculate the Po:Pe ratio or percentage extraction, because peripheral levels exceeded those in the portal vein or were undetectable in one or both samples. The A value indicates no consistent extraction of either A or D peak material. It should be appreciated that the results involving the A and D peak components may be less accurate than those of total IRG or the C peak material, because of their relatively low concentrations. However, by the same token their contribution to the total IRG extraction will be small.
Because B peak levels were very low in control animals, nephrectomy was performed to elevate this component sufficiently to enable its extraction to be monitored accurately. As assessed by all three parameters, the hepatic removal of B peak material was insignificant in these rats.
Comparison of the extraction of B and C peak material in individual animals was only possible in the nephrectomized groups, where the B peak component was elevated. C peak extraction was significantly higher than that of the B peak (P < 0.001) as assessed by all three indices. The A peak component in this group of animals was also moderately increased permitting comparison of its extraction to that of C peak glucagon. Both portal-peripheral differences (A) and percentage extraction were significantly less than the corresponding C peak values (P < 0.001), but the A peak Po:Pe, although lower than that of the C peak, did not reach statistical significance.
The magnitude of portal-peripheral IRG differences depends mainly upon the contribution of C peak material to the plasma IRG concentration. Thus, there was no significant difference in the absolute portalperipheral values (A) of total plasma IRG (97±24 vs. 140±29 pg/ml) or of C peak material between the control and nephrectomized animals (130±33 vs. 182 ±32 pg/ml). In contrast, the Po:Pe ratio (1.48±0.12 vs.
2.29±0.35) and percentage extraction (28±5 vs. 52±7) of total plasma IRG in the latter rats was lower than in the former group (P < 0.05 and P < 0.02, respectively).
This result reflects the increased contribution of the B peak component to the plasma IRG in the nephrectomized animals.
Regression analysis (Fig. 3 ) was performed on portal and peripheral IRG concentrations in the control groups of rats (n = 26; see Table I ) and the nephrectomized animals (n = 8; see Table II ). The portal and peripheral values correlated in the control group (y = 0.14x + 49, r = 0.44; P < 0.05), but the correlation was of borderline significance in the nephrectomized animals (y = 0.72x -5, r = 0.68; P = 0.05-0.1). Portal and peripheral concentrations of C peak material correlated on pooling the results of the control and nephrectomized animals, although not in either group alone. Portal and peripheral levels of the B peak component in nephrectomized rats were closely correlated (P < 0.001, r = 0.85), in keeping with the similar concentrations of this component in portal and peripheral plasma.
Portal and peripheral plasma IRG and components in the dog. The results obtained in the dog experiment are shown in Table III and Fig. 4 . Appreciable quantities of B peak component were present as reported by Valverde et al. (20) . There were only small differences in portal and peripheral B peak concentrations, while the C peak levels differed markedly.
DISCUSSION
Circulating total plasma IRG is composed of at least four fractions which differ in their distribution in healthy subjects and in patients with various diseases. The pattern may vary in an individual subject under different nutritional conditions, and there is in addition a species difference as evidenced by the observation that dogs have a larger proportion of IRG in the 9,000-dalton fraction (20) . The 3,500-dalton component is the biologically active form of the hormone, and the 9,000-dalton moeity is probably a biosynthetic precursor with very low or absent biological activity. The origin and nature of the 2,000-dalton and void volume fractions (-160,000 daltons) are still uncertain. The former may represent an in-vivo or in-vitro degradation product, while the latter may be a protein which cross-reacts immunologically with glucagon, or may represent the association of glucagon with another large molecular weight protein. Srikant et al. (21) showed that the void volume material was equipotent to 3,500-dalton glucagon on a molar basis. Although it is possible that only the 3,500-dalton material is of physiological importance in the circulation, the various plasma components contribute to the total plasma glucagon immunoreactivity and must therefore be taken into account when interpreting the significance of plasma IRG concentrations.
The results of this study indicate that there are differences in the portal and peripheral concentrations of the various IRG components in the rat and dog. The 3,500-dalton fraction is extracted by the liver, while the other three molecular species are not removed to any extent by this organ. Thus, with very low plasma concentrations of 9,000-and 2,000-dalton components, the presence of significant quantities of IRG in the void volume will result in an underestimation of the hepatic extraction of the 3,500-dalton glucagon component, if direct measurements of total plasma IRG are interpreted as being equivalent to the 3,500-dalton hormone. As the concentration of void volume material increases, and it may comprise as much as 80% of plasma IRG in the fasting state, the extent to which the hepatic extraction of 3,500-dalton glucagon will be underestimated will become greater. In situations where there are large amounts of circulating 9,000-dalton material, such as in chronic renal failure and in some patients with diabetes and glucagonomas, measurements of IRG may similarly underestimate hepatic extraction of 3,500-dalton glucagon, particularly if high concentrations of the void volume component coexist (22) . These findings may account for the varying conclusions which have been reached with regard to the hepatic extraction of glucagon and, in particular, may provide an explanation for those experiments in which portal-peripheral measurements indicate a small or insignificant extraction of glucagon by the liver (12) (13) (14) .
A greater hepatic extraction of plasma IRG was noted in fasted rats compared to fed and argininestimulated animals. Although we have not gel-filtered sufficient samples to interpret this finding in terms of the individual IRG components, it seems probable that hepatic extraction may vary depending on the metabolic status of the animal and the absolute concentration of 3,500-dalton glucagon in the portal vein. With regard to the latter possibility, the percentage extraction of the 3,500-dalton material tended to be greatest in those rats, both control and nephrectomized, with the highest absolute portal concentrations of this fraction (Table II, rats 1, 4, and 5 in the control group; rats 3, 7, and 8 in the nephrectomy group, and Fig. 2c ). The portal-peripheral difference in 3,500-dalton material in the animal shown in Fig. 2c The findings in this study, as well as those concerned with the metabolism of the various plasma IRG com- ponents by the kidney, closely resemble those described for insulin and proinsulin. These experiments demonstrated that the liver was a major site of insulin metabolism (24) , and that the kidney also degraded appreciable amounts of this hormone (25) . In conPEaPIERAL1 m, trast, the hepatic extraction of proinsulin was very small, the major degradative organ being the kidney (25, 26) . In this regard, Duckworth et al. (27) have postulated that closely related, possibly identical, 50 enzyme systems are responsible for the degradation of insulin and glucagon. Recently a correlation between the levels ofcirculating proinsulin and proglucagon has been demonstrated in patients in renal failure,2 providing further evidence in favor of the closely related metabolic handling of these peptide hormone precursors.
We recognize that the approach used in this study PORTAL- 1 results clearly indicate large differences in the concentrations of 3,500-molecular weight glucagon in portal and peripheral plasma samples. The absence of such differences in the concentrations of the 9,000-and 160,000-dalton components measured in the same samples strongly suggests that only the 3,500-molecular weight material is removed by the liver.
